In this paper, approaches for behavioral simulation of humans and human-artifact systems are reviewed The objective was to explore available knowledge for the development of a new method and system for the simulation of use processes of consumer durables in conceptual design. A key issue is to resolve the trade-off between minimizing the modeling and computing effort on the one hand, and maximizing the amount of valuable information obtained from simulations to facilitate improving the product. After drawing up review criteria, we reviewed existing simulation approaches, which we characterized based on the simulation models. We found that the surveyed approaches can only address limited, largely unconnected subsets of the various behaviors that can be simulated. For the most advanced approaches, the subsets can be clustered into three main groups: (i) kinematics and rigid-body kinetics simulated with non-discretized object models, (ii) mechanical-deformation behavior and non-mechanical physical behavior simulated with discretized object models and (iii) interpreted physical behavior (information processing) simulated with finite-state machines. No clear-cut solutions for integrated behavioral simulation of use processes have been found, however, we could identify opportunities to bridge the gaps between the three groups of behavior, which can help us to resolve the aforementioned trade-off. In the first place, it seems that the possibilities for using discretized models in kinematics simulation (especially with consideration of the large deformations that are common in biomechanics) have not been fully explored. Alternatively, a completely new uniform modeling paradigm, possibly based on particles, might also help to resolve the gap between the two distinct groups of physical behaviors. Finally, hybrid simulation techniques can bridge the gap between the observed physical behaviors and interpreted physical behaviors. Here, the combination with the object models commonly used for simulations in group (i) and (ii) seems to be largely unexplored.
INTRODUCTION
During product design, behavioral simulation is frequently used to gain insight into the course of processes in which the product is involved. In a product's life cycle one of the key processes is the use process, in which the product is actually applied for its purpose. Behavioral simulations of use processes can provide a valuable contribution to 'designingfor-use' (or DfU) approaches. After all, simulations (behavioral or non-behavioral) have been defined as experiments performed on models [1] , which means that they make it possible to investigate life-cycle processes such as use before a product is available in its final form. In industrial product design, the simulation model of a product is typically called prototype, i.e., a physical prototype, a virtual prototype or an augmented prototype. Our research focuses on behavioral simulation in the beginning of the design process, where virtual prototypes are preferred because they are easier to create than physical or augmented ones. A virtual prototype is a non-real, digital prototype modeled and visualized using a computer [2] . The behavior of a virtual prototype can be studied to verify the functions of the product in advance, i.e., to predict whether the behavior will be as intended. But a use process involves more than behavior of the product. In the literature the consensus is that, when investigating use processes, a larger system of three main components should be taken into account consisting of three main components: the human user, the product and the surrounding environment [3] . These components interact through mutual exchange and transformation of matter, energy and information. In this paper, the system will be referred to as the human-productsurroundings system, for short HPS system or HPSS. Our assumption is that simulation of HPS systems can be a valuable addition to the currently available methods and tools to support designing for use. While traditionally, the objective of behavioral simulation in engineering is to study the intended and unintended behaviors of a product, integrated behavioral simulation of HPS systems adds the opportunity of additionally investigating intended and unintended behavior of the human user as well as that of the surroundings of the product.
1.1.
Objectives and scope of the survey This survey is part of the knowledge exploration for the development of a new computer-based simulation approach that can be applied in conceptual design to investigate use processes and predict the behavior of HPS systems. In the investigated literature, no existing approach that fulfills this purpose was found. Only a scattered collection of separate approaches partially covering the area of interest appears to be available. Ideally, an integrated approach should take advantage of the available scattered simulation knowledge. With that objective in mind, a comprehensive survey would have to cover approaches for simulation of artifacts and simulation of humans.
This paper forms the second part of a comprehensive survey of simulation approaches for use processes. The first part [4] , focused on simulation approaches for artifacts, which are commonly used in engineering design. This second part is written in such a way that it can be read independently, but for specific details the reader may want to consult the first part. The literature search for this survey started out as an inventory of available simulations of human behavior as a supplement to the already analyzed approaches to artifact simulation. During the search, it turned out that some of the human-simulation approaches offered a possibility to include artifact behavior. Although the application area was typically unrelated to use processes of consumer durables, it is assumed that it is an advantage if a possibility for linking human and artifact behavior is already offered. Thus, the focus of this paper is on simulation of the behavior of humans and human-artifact systems and on how they can be deployed to predict and investigate use processes. We will keep closely to the interpretation of simulation as 'performing experiments on virtual models', in that the whole HPSS is represented virtually, including the human. This means that most of the human simulations in the survey rely on autonomous virtual humans, who conduct themselves in the virtual space [5] . So-called human-in-the-loop simulations have not been surveyed extensively.
The survey focused on research achievements published in scientific literature but relevant commercial solutions have also been included; these are referenced in footnotes. Priority was given to achievements and examples related to the use of consumer durables. Contributions from other fields have been included if no search results had been obtained from the focus area.
1.2.
Assessment criteria The various approaches to simulation will be assessed based on their potential contribution to investigation of use processes. The following criteria will be applied:
• Range of behaviors covered. Simulation should cover as many types of human and artifact behavior as is reasonably possible. In the next subsection a scheme is introduced to classify the various behaviors.
• Relevance of the scope. The overlap between the scope of a simulation approach and the scope of the application area, use of consumer durables, should be as large as possible.
• Ease of preparation. The amount of time needed to set up a simulation should be kept at a minimum. In particular, this concerns the inclusion of product models that designers have created, in the simulation. Our assumption is that most designers of consumer durables use solidmodeling CAD packages. If these models cannot directly be used as a virtual prototype, a second-best option is that available CAD models can be converted to simulation models in an automated way.
• Speed and computability. The time needed for a simulation to run on common hardware should be as short as possible.
• Ease of interpretation. Traditionally simulation output is numerical, e.g., tables or graphs show the course of values in time. Our assumption is that, especially to designers, spatial 3D animation of the simulated system is a valuable addition to numerical output.
• Fidelity of the outcomes. The outcomes of the simulation must sufficiently correspond to real behavior.
1.3.
Types of behavior in simulation In [4] , the possible behaviors of artifacts have been subdivided into observed physical behavior and interpreted physical behavior. The effects of all behaviors can be observed as flows and transformations of energy and matter. Interpreted physical behavior substitutes observed physical behavior based on abstractions, like, for instance, the string '100111' may represent a series of output voltages. The distinction of interpreted physical behavior was necessary because certain simulation approaches disregard the physical background of information. Observed physical behavior has subcategories according to the fields of physics (mechanical behavior, acoustic behavior, optical behavior, etc.) which can be simulated individually or simultaneously (i.e., multiphysics). If a system is interpreted as purely informational, it is characterized as discrete and if it is investigated through its observed behavior it is said to be continuous [6] . If it is investigated by observing and interpreting behaviors it is called hybrid [7] . The subdivision into observed physical behavior (with its subfields) and interpreted physical behavior is also applied to characterize the range covered by simulation of the artifact part in simulation approaches for human-artifact systems.
To typify human behaviors we propose a simplified reasoning model about human behavior as presented in Figure  1 and explain it as follows. Based on elementary functions that can be recognized in the human body relating to the processing of matter, energy and information we distinguish metabolic behavior, perceptual behavior, cognitive behavior, control behavior, actuator behavior, kinetic behavior, kinematical behavior and non-mechanical physical behavior. Metabolic behavior involves the chemical processes that convert matter taken in as food, drink and air to energy [8] . Our assumption is that the relevance of metabolic behavior to product use is limited to (i) aspects of human endurance and fatigue, as they are investigated in the design and development of military equipment [9] , work environments [10] and sports equipment [11] but not in the design of typical consumer durables, and (ii) aspects of ingesting and processing consumables [12] rather than durables. Therefore it is disregarded in this survey. Perceptual behavior is the behavior of sensory cells and systems that convey the impingement of electromagnetic, mechanical, and chemical changes in energy [13] , which is passed on by the central nervous system to the brain. Cognitive behavior relates to information processing by the brain, which includes attention, remembering, producing and understanding language, solving problems, and making decisions [14] . Control behavior involves conscious (or highlevel) control of human action by the brain and subconscious (or low-level) control by the central nervous system [15] . Actuator behavior relates to human-initiated output of mechanical energy, i.e., producing motion at joints through contraction and relaxation of muscles [16] . Kinetic behavior involves all mechanical behavior concerned with the effects of forces on the motion of body parts and other objects, with the exception of actuator behavior performed by muscles. Statics is treated as a special case of kinetics with zero resultant forces. Typical body parts involved in kinetic behavior are the skin, subcutaneous tissue, the skeleton and muscles. Although traditional rigid-body kinetics can be applied to certain parts of the human body (in particular, the bones), large deformations typically play a crucial role in human-body kinetics [17] . Finally, kinematical behavior relates to the movement of bones and joints caused by muscles and external influences. It does not include the energy aspects included in kinetics. Omitted from Figure 1 but included in the review is non-mechanical physical behavior that can be subdivided according to the fields of physics. It has been left out of Figure 1 to reduce its complexity.
The highest-level subdivision into observed and interpreted behavior that is applied in the characterization of artifact behavior can also be applied to the various human behaviors: those behaviors that are characterized in Figure 1 as information flows can be treated as interpreted human behavior. As will be shown in the next sections this typically applies to cognitive behavior and conscious control behavior.
1.4.
Structure of the survey The discussion of the various approaches to simulation is structured based on the theoretical basis of the models that are used for simulation. The left-hand side of Figure 2 gives the taxonomy of model types that we chose to use in his survey. At the highest level, behavioral models and object models are distinguished. These models represent the behavior of the object (human or artifact) or the object itself, respectively. Behavioral models can be subdivided into control models and processing models, which represent the 'whys' and the 'hows' of simulated behaviors, respectively. Control models are logicbased or laws-based and processing models are algebraic, algorithm-based or animation-oriented. There are two types of object models: relationship models and entity models. Relationship models describe logical or spatial relations. Entity models can be abstract or concrete. Abstract entity models are based on 2D-graphics or 3D-schematics. Concrete entity models are typically boundary models, simplified boundary models, volumetric models or simplified volumetric models. As the survey results will show, most simulations are based on combinations of model types. The right-hand side of Figure 2 shows how model types appear combined in the investigated simulation approaches, and how the survey has been organized accordingly. For a detailed discussion on the fundamentals of the individual approaches, the reader is referred to [4] , which largely follows the same subdivision. Yet, the reader may already be familiar with basic simulation approaches such as block diagrams, bond graphs and finite elements. After the actual review, section 4 follows with the conclusions, including a comparative overview of the analyzed approaches, and addresses which open issues remain and how they can be dealt with in future work.
SIMULATION APPROACHES PRIMARILY BASED ON BEHAVIORAL MODELS
In simulation of humans, two types of behavioral-model based simulation are distinguished: simulations (purely) based on algebraic descriptions (2.1) and simulations based on algorithms (i.e., algebra combined with logic), in particular qualitative reasoning and finite state machines (2.2).
2.1.
Simulations based on algebraic descriptions From the 1970s on, systems of equations from Newtonian dynamics have been applied to develop models of (parts of) humans in the area of biomechanics [18, 19] . Multon et al. [20] introduce a dynamical model of the human arm that describes control behavior, actuator behavior, kinematical behavior and rigid-body kinetic behavior. The model is based on Lagrange mechanics. Numerical simulation output is used as input data for the animation of 3D human models. Griffin [21] presents several models based on equations that describe the rigid-body kinetics of the human body as a mass-springdamper system to investigate vibrations. To simulate subconscious control behavior with algebraic models as closed-loop negative feedback control (i.e., as an analog, continuous system) Powers introduced perceptual control theory in the 1970s [22] . A different application of algebraic models is presented by Job et al. [23] . For clinical purposes, they modeled the induction of electric current in the retina, which is a subsystem of visual perceptive behavior, and simulated it based on equations. Other examples of algebraic modeling of non-mechanical physical behavior, namely emission and absorption of heat or electricity through the skin can be found in papers by Mochnacki and Majchrzak [24] and Panescu et al. [25] , respectively. Algebraic descriptions have also been applied to modeling and simulation of humanartifact systems. An example is the simulation of external impact on a human head covered with a helmet presented by Therrien and Bourassa [26] .
The described examples are only a small selection from the algebraic simulation models of human behavior that we found in the literature. The only types of human behavior for which we could not find references using algebraic simulation models are cognitive behavior and conscious control behavior. The forerunning survey of artifact-simulation approaches showed that algebraic descriptions focus on observed physical behavior without limitation to a particular type of behavior [4] . This seems to apply to human simulation as well.
Regarding the human-behavior representations, the investigated models have in common that they are not explicitly limited to one particular human or a particular group of humans, except where behavior of humans with specific disorders is concerned (e.g., [23] ). Apparently, the models are assumed universally valid for all 'healthy' humans. Typically they contain variables for which the values can be changed, thus offering the necessary versatility in dealing with different individuals while the equation itself remains in the same form (e.g., [20] ). This is different from the situation in artifact simulation, where a newly designed class of artifacts often requires new dedicated differential equations to model observed physical behavior. This disadvantage also applies to human-simulation models that include artifacts (e.g., [26] ).
The output of algebraic-description based human simulation is typically numerical. Direct 3D animation is only possible by manually defining the links between computergenerated output and an animatable object model. 
Simulations based on algorithms
The human simulation approaches based on algorithmic behavioral models that we found in the literature can be subdivided into approaches based on (i) qualitative reasoning, (ii) finite state machines (FSMs) and (iii) production rules.
Qualitative simulation. Qualitative simulation is often based on the qualitative reasoning theory [6] that can be used to create and simulate incomplete models. A qualitative approach to algorithm-based simulation has been developed by Šuc and Bratko [27] . They discuss a dedicated qualitative model describing human 'strategy' in bicycle-riding behavior derived from quantitative measured data. The modeled strategy includes subconscious control behavior, actuator behavior and kinematical behavior of the human and rigidbody kinetic behavior of the bicycle. By 'cloning' the strategy back on measured data, quantitative numerical output is obtained (but no method is given to obtain animated output). The bicycle model was developed for this specific problem; it cannot easily be replaced by another artifact model converted from, for instance, CAD. The other qualitative simulation approaches or humans we found in the literature fall outside the scope of this review, since they focus on metabolic behavior [28] .
Simulation approaches based on finite state machines. FSMs are visually enhanced algorithms such as state transition diagrams and Petri nets, which are typically used to model and simulate discrete systems. Fogel and Moore [30] modeled steering behavior (i.e., subconscious control behavior) of pilots in aeronautics using a state transition graph combined with evolutionary algorithms. Rauterberg et al. [31] developed a Petri-net model of cognitive behavior in human-computer interaction. Human decision-making is modeled based on a log file of someone using particular software, i.e. from observed behavioral sequences. Based on the results of multiple users, distinct user groups with similar decisionmaking strategies could be identified [32] . Liu and Salvucci [33] present a model of conscious control behavior based on a hidden Markov chain (a particular type of state transition diagram), which was used to simulate human driving tasks. In all the above cases, virtual or real artifacts are assumed to be available. They provide input to the simulation and receive and process its output. These artifacts are not included in the simulation models.
Simulation approaches based on production rules. The assumption behind rule-based simulation of cognitive and control behavior is that humans make decisions based on what they perceive around them and that these decisions can be modeled as production rules. Such models are often applied in cognitive psychology [34] . Architectures for rule-based human-behavior simulation are, among others, AM, EURISKO [35] and SOAR [36] . The rules are typically based on findings from psychological experiments on human subjects. The models have originally been developed for simulation of purely cognitive behavior, e.g., puzzle-solving. Later developments, such as ACT-R and EPIC [37] also include modules to represent of body parts interacting with artifacts, in particular sense organs (eyes, ears) to perceive information, and hands and speech organs to communicate information to artifacts [38] (Figure 3 ). The simulation is restricted to interpreted behavior (e.g., entering 'abcd' on a keyboard or reading '1234' from a monitor), and the observed physical behavior that is involved in interaction (moving fingers and capturing photons with the eye, respectively) is bypassed, as if the human's information processing is directly connected to that of the artifact. As Figure 3 shows, subsets of rules are grouped into functional modules. This produces a representation that can be considered an object model rather than a behavioral model.
SIMULATION APPROACHES PRIMARILY BASED ON OBJECT MODELS OF THE HUMAN
In simulation of humans, four basic types of object-model based simulation are distinguished: simulations based on 2D graphical object models (3.1), 3D schematic object models (3.2), rigid 3D volumetric models (3.3) and simulations based on discretized 3D models (3.4).
3.1.
Simulations based on 2D graphical object models Simulation approaches based on 2D graphical object models representing the human body or part of it, are based on block diagrams or bond graphs.
Block-diagram simulation of human behavior is typically applied to subconscious control behavior. We distinguish models that are based on (i) conventional control loops and (ii) neural nets. Examples of behavior simulated as a conventional control loop are eye-hand coordination in vehicle control [39] and interactive compensation of machine behavior by McRuer [40] . In McRuer's loop, the machine reacts to human input and to external disturbances that the human needs to compensate. In both approaches, the physical transfer of information entered by the human into the machine -e.g., by operating an interface element -is a step that is skipped. Artificial neural nets (ANNs) are particular class of block diagrams [41] , which can be considered discretized models of human body components, that is, of biological neural nets 1 . ANNs differ from conventional simulation algorithms because of their ability to learn and self-organize, to generalize from training data, and to process information in other ways normally thought of as intelligent [42] . An example describing control behavior is steering behavior of airplane pilots in wind shear [43] . Like in the rule-based simulations described in 2.2, the human's information processing is considered to be directly connected to that of the plane. Kim & Hemami [44] use an algorithm combining an ANN for subconscious control behavior in combination with nonlinear equation-solving to simulate kinematical and rigid-body kinetic behavior of the head and torso. The ANN acts on the output of a 'desired trajectory generator', which represents cognitive behavior that decides about motion of the head. This unit is left out of the simulation.
Bond-graph based simulations have been introduced by Paynter in the 1950s as an alternative to block diagrams for systems that can be considered as built up from discrete components [45] . The human body, which is largely built up from continuum structures, is typically simplified in order to make modeling as discrete components possible. Margolis [46] developed a bond-graph model to simulate the response of the human body as a whole to external vibrations. To model and simulate musculoskeletal structure and function, Wojcik [47] proposes modular bond graphs. She acknowledges that the appearance of the resulting models is rather cumbersome (Figure 4 ), but nevertheless suggests that the use of bond graphs could promote standardization in human-body modeling. Pop et al. [48] apply bond graphs to create a partial model of the human body to simulate walking. It includes subconscious control behavior, actuator behavior, rigid-body kinetic behavior and kinematical behavior. Hubbard [49] presents a bond-graph model of a human using a vaulting pole. The simulation includes kinematics and rigid kinetics of the whole human-artifact system, as well as dynamic deformations of the pole.
A disadvantage is that, although bond graphs represent objects and although they can be used to model humans and artifacts together, no approach could be found in the literature to automatically derive bond-graph models from CAD models. To include a product in a bond-graph model, the designer has to re-model it with bond graph elements. Also, the standard output of bond-graph simulations is numerical and the graphical representation of a bond graph cannot be animated to visualize the results.
3.2.
Simulation approaches based on 3D schematics of humans 3D schematic simulation models of humans are typically some kind of skeleton-like model. They have been developed for motion simulation and posture prediction [50] , i.e., simulation of kinematical behavior. The models mostly represent the human skeleton, but skeleton-like models have also been generated based on anatomical landmarks [51] . Jung and Choe [52] present a skeleton-like model that is used to predict the reach envelope of the upper limbs. Webb and Aggarwal [53] developed an AI-based method to generate skeleton-like models from filmed motion sequences performed by human subjects. The models are used for kinematical motion simulation. A more comprehensive approach to simulate motion, which includes actuator behavior with muscles modeled as linear actuators, is presented by Park and Fussell [54] . An alternative approach to modeling actuator behavior is inverse dynamics, which can be interpreted as reasoning backwards. Instead of modeling muscles as actuators and calculating their effects (also known as forward dynamics), the resulting motion of the end effector (e.g., a hand) is taken as the starting point [55] . If needed, muscle actuation patterns are calculated based on the required motion pattern. To generate motion patterns for inverse-dynamics simulation of their skeleton-based model of the human arm, Yang et al. [56] 57] use the same approach to simulate actuator behavior, rigid-body kinetics and kinematics in sports (e.g., jumping and diving). Kim et al. [58] predict motion patterns with joint trajectories based on B-splines, and demonstrate the approach on various human activities such as walking, pushing, and climbing. Typically the simulation results of the approaches discussed in this subsection can be visualized as animations. Inclusion of artifacts in simulations is more common with the volumetric models discussed in the next two subsections.
3.3.
Simulation approaches based on rigid 3d volumetric models of humans 3D volumetric models that are used for simulation of human behavior are usually a simplified representation of human geometry. To the bones and joints, which are typically modeled as connected rods, volumetric entities have been added to represent the surrounding tissues. We can distinguish (i) guided 3D volumetric models for analyzing motions and reach, and (ii) autonomous and partially autonomous models, in which simulated control behavior, and in some cases cognitive behavior, determines human motion.
Guided 3D volumetric human models do not move autonomously but have to be manipulated by the user. Since the 1970s various commercial software packages have been on the market to offer support for the assessment of possible postures and fields of view, e.g., SAMMIE, HECAD, COMBIMAN and CHESS [59] . Artifact models can typically be imported from CAD to investigate virtual products with virtual humans in virtual surroundings [60] .
Simulation based on autonomous and semiautonomous 3D volumetric human models. These approaches mostly involve 3D models based on simplified volumetric and/or skeleton-like elements. Mechanical simulation based on algorithms is combined with simulation of subconscious and conscious control behavior, and cognitive behavior. It is visualized as an animation. In computer graphics, the continuous simulation of subconscious control and mechanics is known as local control and the discrete simulation of conscious control and cognition is known as global control of animations [61] . Based on the algorithms used for the simulation of the interpreted behavior, we distinguish agent-based simulations, ANN-based simulations and FSM-based simulations.
Agent-based modeling and simulation is applied to human perception in a simulation approach by Bordeux et al. [62] . Perception is simulated by agents acting as filters, passing through the information from the surroundings that is needed for decision-making. The included cognitive behavior covers short-time memory of perceived objects, and searching the surroundings for objects. Jung et al. [63] present an agentbased simulation technique for human motion planning through spaces populated with objects. It covers cognitive behavior, control behavior, actuator behavior and kinematics. As is the case with the approaches discussed in 2.2, it is assumed that objects in the field of view are always seen, and therefore perception is not simulated. Another agent-based human simulation package is JACK [64] . JACK is a semiautonomous virtual human that simulates perception, subconscious and conscious control based on agents. Decision-making is based on commands entered by the user. Additionally it simulates actuator behavior, rigid-body kinetic behavior and kinematical behavior. Artifacts are imported from a CAD environment into JACK's surroundings, where they can be moved by the manikin. Weights are assigned to objects for quasi-static simulation of loads on JACK's joints.
Neural networks have been used to model subconscious control behavior in 3D volumetric models. Reil and Husbands [65] present a simulation approach for human walking based on evolutionary selection principles that culminate into a bestperforming network. They acknowledge that a lack of included biomechanical knowledge in the model makes it less realistic. The approach has been further developed to the commercial software package Endorphin by NaturalMotion Ltd. 2 , which is successfully being applied in the entertainment industry [66] . Simulation of the virtual humans in NaturalMotion covers neither conscious control nor cognition. In artifact simulation, Endorphin has the advantage over Jack that it also covers rigid-body kinetics ( Figure 5 ).
By combining kinematical 3D human modeling with FSMs, De Lima Bicho et al. [67] created a hybrid model to simulate human gait patterns. The discrete behavior is represented by a Petri net and the continuous behavior is simulated with inverse dynamics. A similar approach is followed by Laszlo et al. [68] , who use FSMs to model lowlevel human motion patterns. The user only defines high-level actions such as 'take next step' while the Petri net decides whether this is a right or a left step and it autonomously controls the corresponding detail motions. Both of the hybridmodel based approaches discussed above focus on control behavior and kinematical behavior. A different FSM-based 2 naturalmotion.com
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Simulation of a human falling from a balcony, created with Endorphin (NaturalMotion Ltd.) approach is taken by Martins et al. [69] . They developed an animation system called AGA-J that is applied to 3D models of humanoid characters and artifacts built up from solid blocks and joints. Decision-making is simulated based on state transition graphs. The course of the animation varies depends on the fulfillment of conditions, for instance related to starting positions, dimensions or orientations of characters and artifacts. The continuous behavior of humans and artifacts is simulated in a rather primitive way: it is based on sets of 3D animation frames predefined for shape or posture changes. For instance, an animation sequence between the postures 'standing' and 'sitting' can be defined that takes into account the kinematical constraints. Figure 6 shows an example of a human-product system simulated with AGA-J. The system aims at the entertainment industry. Those simulations based on autonomous and semiautonomous 3D volumetric human models that have been developed to include artifacts (as indicated above) allow direct or indirect 3 import of CAD models.
3.4.
Simulation approaches based on discretized models of humans Two types of human simulations based on discretized models are distinguished: (i) simulations based on mesh models and (ii) simulations based on particle models. Simulation outcomes are typically visualized as animations. Prostheses are the only examples we could find in the literature of artifacts that are simulated together with humans concerned (e.g., [70] ). Yet, most of the approaches discussed here are also used for artifact-only simulations.
Simulations based on mesh models of humans.
Common approaches for mesh-based modeling for the simulation of physical phenomena are based on the finiteelement (FE) and boundary-element (BE) methods.
In biomechanics, where FE-based simulations have been applied from the second half of the 1970s, we can distinguish static and dynamic application of FE models. In the literature, several publications focus on modeling the complex material properties of different tissue types. Based on measurements from in-vivo or in-vitro samples, approximations of the elastic and viscoelastic deformation behavior as first-order, secondorder or even third-order have been put forward (e.g., [71] ). Chow & Odell [72] apply a static FE model with bilinear elastic tissue properties to predict body deformations of sitting persons. Cheung et al. [73] developed a static model for the prediction of stress in a foot during standing. They assumed 3 For instance, via STL or DXF format the bones and ligaments to be linearly elastic and the soft tissues to be hyperelastic. Bandak et al. [74] apply a dynamic finite-element calculation to study the deformational effects of axial impact on the human foot, in which the deformation of bones is modeled as linear viscoelastic. Koch et al. [75] include actuator behavior by applying an equation-based model of muscle contraction in their dynamical FE model of facial-expression forming. In this model, tissue deformation is considered linear elastic. A non-linear FE model of muscle contraction and passive muscle stretching using a NURBSbased geometric representation is presented in [76] . Sun et al. [77] simulate perception behavior with an FE model of the human ear, assuming linear viscoelastic behavior of the cochlear fluid and linear elastic behavior of the other ear components.
The BE method is typically used for the simulation of non-mechanical physical behavior of humans: Thiebaut and Lemonnier [78] present an application to human heat transfer. Bradley and Pullan [79] use the BE approach to simulate human electrical-potential behavior. Another mesh-based modeling technique which is used in human-body modeling is skinning [80] . It is similar to the BE approach in that only the surface of the simulated object is meshed. In this case the mesh is solely used to simulate changes in the shape of the surface during posture changes, typically for computergraphics animation. Deformations are not calculated based on forces and energy but on surface fairing and interpolation techniques [81] . Typically only the skin is modeled as a mesh [82] , which is often combined with an internal skeleton model to simulate the kinematical behavior. An example of commercial application is shown in Figure 7 . To simulate kinematics, Seo and Magnenat-Thalmann [83] skin-mesh model that is combined with volumetric internal elements.
Simulation approaches based on particle models. In human simulation, particle-based models are typically used to model and simulate mechanical behavior based on massspring models with the objective to create animations in computer-graphics applications. Zhang et al. [84] present a three-layer mass-spring model representing the epidermal, dermal and hypodermal layers of the facial skin for dynamic simulation of deformations. Nedel and Thalmann [85] applied mass-spring particle modeling to muscle contraction in a larger-scale model of the human body, combined with skinning and skeleton modeling. The simulation covers kinematics and rigid-body kinetics of the skeleton, deformations and inverse dynamics-based actuator behavior of the muscles, and deformation of the skin based on skinning. Mechanical deformation of soft tissues other than muscles is not taken into account. Similar mass-spring models, mostly applied to the musculature of animals and artificial life forms, are discussed in a survey by Cerezo et al. [86] .
DISCUSSION OF THE EXAMINED HUMAN SIMULATION APPROACHES
In the preceding subsections a variety of human simulation approaches has been discussed. Returning to the criteria listed in 1.2, the objective of this subsection is to assess to what extent the various approaches can be deployed for simulation of use processes and/or to what extent they can contribute to a new approach to be developed:
Range of behaviors covered. Table 1 gives an overview of the types of behavior covered by the analyzed simulation approaches. It has to be noted that this overview is based on what was found in the literature and in descriptions of commercial software. Simulation approaches may exist that cover some of the blanks in the table. It seems that in general the capabilities of the reviewed approaches are scattered among various simulation tools individually covering different limited sets of behaviors, instead of offering a 'complete picture' of human (and human-artifact system) behavior. Together, the various hybrid 3D volumetric models cover a wide spectrum but even in this category the capabilities are scattered over different tools and approaches.
3D Discretized model-based approaches offer support for the simulation of a wide range of observed physical behaviors in both humans and artifacts, but they seem to be underrepresented in integral simulations in which human and artifact behavior are investigated together. So far, discretizedmodel oriented research and development for human applications and for artifactual applications appears to take place in separate scientific communities. For designers, the lack of discretized models reduces the options for integrated simulation with complexly-shaped artifacts and investigation of certain behaviors, such as flexible-body mechanics and non-mechanical behaviors. These are typical application areas for discretized models.
Tools for autonomous simulation that include cognitive behavior together with observable physical behavior are scarce. The only simulation approach that was found to support it to some extent is AGA-J. The approach to model human decision-making as a finite state machine is appealing from the viewpoint of increasing the autonomy, because it allows inclusion of predictive knowledge about what a human will do under given circumstances.
Relevance of the scope. Some simulation approaches, such as AGA-J and NaturalMotion, have been specifically developed for application in computer graphics, i.e., for the entertainment industry (movies, computer games, etc.). Because the objective of a simulation in this area is typically not to test a virtual product (but, for instance, to produce attractive visual effects), these simulations are not necessarily suitable for application to use processes of novel products.
Ease of preparation. This criterion pertains both to human models and to artifact models (if the latter can be included). Where human models are concerned, the main preparation task is to instantiate models of individuals with different characteristics. Since the range of simulation approaches discussed varies from proof-of-ideas type academic developments to matured commercial packages, it is difficult to make a fair and quantitative comparison. Therefore the ease of preparing human models has not been investigated. Regarding the preparation of artifact models, we can say that the various approaches based on volumetric 3D models offer the best opportunities to incorporate CAD models that designers typically have available.
Speed and computability. This criterion could not be evaluated. The fact that some approaches are still under development while others have matured and are commercially available makes it difficult to compare the performance.
Ease of interpretation.
Most of the various approaches based on 3D object models directly produce animations of simulated behavior. Although the output of other approaches can possibly be connected to 3D representations to provide animations, this would require manual efforts.
Fidelity of the outcomes. Here, again, the fact that some simulation approaches have been developed for computergraphics animation has to be mentioned: if a simulation produces realistic-looking behaviors, which tends to be sufficient in entertainment, these results may not be useful as input for design decisions.
CONCLUSIONS
A large number of computer-based approaches are available to model humans, products and surroundings and to simulate their operation and behaviors. As was shown in the survey of artifact simulation approaches [4] , none of the many approaches that can be used to simulate the behavior of products and surroundings is able to offer complete simulation of all the different types of behavior together. Of the approaches surveyed in this paper, none is capable to simulate human behavior comprehensively -not to mention the behavior of humans and artifacts together. Additionally, application in a design environment requires that behavioral simulation (i) must be applicable to a variety of products, (ii) should be embedded in the computer support for product design and (iii) should produce output that is helpful for designers in terms of improving product concepts.
Since existing simulation approaches appear to offer solutions that cover different patches of the problem area, it seems worthwhile to investigate whether a combination of these approaches can be deployed to make integral simulation of use processes in conceptual product design possible. Combining existing simulation approaches can be considered from a methodological, computational or application viewpoint. Since there are large differences between the reviewed simulation approaches when it comes to the level of elaboration and maturity, the following discussion focuses on the methodological aspects of integration.
Current state of the art. To some extent, fortunately, it is possible to combine different simulation approaches. In artifact simulation, the two main issues of integration are (i) bringing together the various observed physical behaviors into multiphysics simulation and (ii) combining observed and interpreted physical behavior into hybrid simulation [4] . The highest potential for multiphysics is offered by the various 3D discretized model-based approaches. Solutions for hybrid simulation have also been proposed but these require casespecific models of the observed-physical behavior. Such dedicated models are difficult to embed in a design environment, because they require preparation of a new dedicated model from scratch for every different product.
In human simulation, multiphysics is also a largely unresolved issue However, simulation of non-mechanical physical behavior in use processes is not frequently addressed in the studied literature, and is perhaps not considered to be of great importance. Conversely, simulation of mechanical behavior is a recurring topic in the literature. As is the case with artifacts, simulating mechanical deformation is possible with discretized-model based approaches, while kinematics and rigid-body kinetics is generally simulated with non-discretized object models. There are artifact-simulation approaches that allow integrated investigation of these behaviors by running FE-based simulation on individual system components in parallel to the rigid-body simulation 5 . In that case, the effects of deformations on the geometry are ignored in the kinematical simulation. In the investigated literature, we could not find examples of this combined approach to human mechanical behavior. A plausible reason is that the role of large deformations is so important in human-body mechanics that they cannot be ignored. A more favored integration approach for mechanics in human simulation is to couple parts that are each simulated in a different way (e.g., muscles are modeled with particles because their deformation is simulated, while the skeleton is modeled as rigid, because its kinematics are simulated [85] ) The issue of how to combine large deformations with kinematics and rigid-body kinetics in the simulation of one object (or part of an object) seems to be largely unaddressed. We could not find indications in the literature that including kinematics directly in simulations with discretized models is fundamentally impossible. However, the possibilities seem to be unexplored, which is possibly because the aforementioned two integration approaches with rigid-body simulation are considered adequate in the respective application areas of engineering and computer-graphics animation. Hybrid simulation of humans is a combination of the simulation of cognitive and/or conscious control behavior with simulation of observed physical behavior of the human. This appears to be less problematic than it is for artifacts, probably because there is more uniformity between human individuals than between products. Therefore, putting effort into the creation of dedicated models is more rewarding. Since the processes involved in human thinking are extremely complex, unpredictable and not fully understood, simulation models or human cognitive processes are based on oversimplifications. Completely deterministic simulations are not to be expected as a goal. In fact, the whole human body and the way it functions are so complex that simulations of most human behaviors, including those of mechanical behaviors, must be based on extreme simplifications. Such simplification is often applied to certain chains or loops of behavior that can be distinguished in the human behavior as a whole, in which energy and/or information is passed on from one body part to another. The simplification is to skip particular behaviors (and corresponding body parts) in the chain. A good example is the chain that is typically active in interactions: external input → perception → cognition → control → actuation → kinetic and kinematical action (cf. Figure 1 ). This chain can be simplified by skipping perception, control and actuation. Simulation of perception can be skipped by assuming that any external input is detected by the brain. Simulation of both control behavior and actuator behavior can be skipped by assuming that a posture change and force exertion simply will take place as commanded by the brain. In many common situations the simplifications can be considered realistic, for instance if the external input is clearly perceivable and if the necessary mechanical action does not require impossible posture changes or forces.
Researchers and commercial enterprises have produced only a modest number of integrated approaches to simulate behavior of humans and artifacts together. Current integrated approaches only cover selected human behaviors and artifact behaviors. Guided virtual humans still play an important role in integrated simulations. In the context of application in product design, the most promising achievements so far in integrated simulation have been (i) integrated simulation of rigid-body mechanical behavior of humans and artifacts with semi-autonomous volumetric models, and (ii) simulation of human decision-making as an FSM, which enhances semiautonomous behavior of virtual humans with simple decisionmaking.
Towards a new approach for simulating product use processes. The major issue in use-process simulation is to resolve the trade-off between minimizing the efforts of modelmaking and computation on the one hand, and maximizing the amount of information obtained from simulations for improvement of the product and its use interaction on the other hand. Minimizing the efforts of model-making can be achieved by reducing the need for creating specialized simulation models, i.e., by using simulation algorithms that can work with the product models used in design (currently CAD models) and with human models that do not have to be created by the designer, but which can be instantiated from a prepared library of human-body models. Minimizing the computation effort can be realized by using simple or simplified models, or by using advanced simulation algorithms. Resolving this issue is not comprehensively addressed in this paper because of its focus on methodological issues. Maximizing the amount of useful information obtained from simulations can be realized by integrating as many as possible aspects that are currently covered by separate modeling and simulation approaches. In the following exploration of opportunities to develop a new approach we have focused on the integration issues, while keeping in mind the modeling effort required for the designer.
In the studied literature and web sources, no attempts have been reported to develop an integrated approach for human-artifact simulation specifically for use-process investigation. Should we want to create a use-process simulation system supporting conceptual design of computer durables based on the current state of the art, the most attractive combination of approaches appears to be:
• Simulation of artifacts based on discretized 3D-geometric models to enable investigation of mechanical behavior, and perhaps additionally one other type of observed physical behavior (if the state of the art in multiphysics simulation allows it).
• Simulation of humans based on volumetric virtual humans similar to the models used in Endorphin or Jack, controlled by decision-making based on an FSM, or some AI-based simulation as is used in ACT-R and EPIC. Consideration and modeling of perception, control and actuator behavior is perhaps not needed.
The combination brings together the most advanced simulation approaches for both humans and artifacts, but there will still be limitations in the behavioral simulation capabilities, namely, (i) true multiphysics simulation of artifacts, (ii) simulation of interpreted physical behavior of products (embedded software, electronics) and (iii) combined simulation of large deformations and kinematics in humans would not be possible.
A more fundamental problem lies in bringing together the different types of models into one integrated simulation environment. Combining FSM simulation with continuous simulation -commonly known as hybrid simulation -has been done before, although the combination with the object models commonly used for the continuous simulations discussed in 3.3 and 3.4 (and also CAD-based models) seems to be scarcely explored, as is the application of hybrid simulation to use processes. However, what seems to be more difficult is to combine the different types of geometric models of humans and artifacts, i.e., volumetric and simplified volumetric (discretized). Of course the solution could be to use one of the two representations only, for modeling both humans and artifacts. Exclusive use of non-discretized models, even for artifacts, would rule out simulation of objects with complex shapes and reduce the variety of observed physical behaviors that can be simulated. Exclusive use of discretized models would call for the development of a discretized model of the complete human body. However, current deployment of discretized models in human simulation appears to be limited to behaviors that are local to a specific area of the human body, and possibly a whole-body model might become too complex and thus too computationally intensive. Another disadvantage is that the investigation of kinematical behavior, which is important in human-product interaction, does not appear to be a strong point of current simulation approaches based on discretized models. Adapting simulation approaches for discretized models so that kinematics can be included and simulated together with largedeformation behavior of soft tissues seems to be an unexplored opportunity to overcome this bottle-neck.
Alternatively, modeling based on a completely new paradigm might open up new opportunities, but what is this paradigm? A novel uniform object modeling approach could bridge the incompatibility between the distinct types of models. A suitable candidate could be nucleus-based modeling [88] . This conceptual-design oriented modeling approach, which is currently at an early stage of development, allows multiphysics simulation (including kinematics) using particlebased discretized geometries and, if needed, it can also incorporate non-discretized modeling elements.
